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Cells made ischemic rapidly manifest many distinct
structural and functional alterations as a consequence of
the depletion of their energy stores. In attempting to
determine which of these are causally related to the
eventual cell death, the authors have emphasized the
relationship to the reversibility of the ischemic injury.
Two phenomena have consistently characterized irre-
versibly in contrast to reversibly injured ischemic cells:
the inability to restore mitochondrial function and evi-
dence of plasma membrane damage. Studies in the
authors' laboratory are reviewed that have focused on
the pathogenesis, biochemical nature, and the relation-
ship to irreversible cell injury of both of these altera-
tions. A number of mitochondrial abnormalities are
related to changes in long-chain acyl-CoA metabo-
lism with inhibition of adenine nucleotide translocation
and potentiation of a Ca2+-dependent increase in the

THE IMPORTANCE of ischemia in human disease
makes understanding of the mechanisms whereby it
produces irreversible cell injury of considerable inter-
est. Such an understanding, however, has been elu-
sive, and the reason is not obscure. Well-differen-
tiated tissues such as heart, liver, kidney, and brain
require large amounts of oxygen to support their var-
ious specialized functions. In general, these functions
can only be maintained by energy derived from aero-
bic metabolism and cease when oxygen is in short
supply. Ischemia will, therefore, set rapidly into mo-
tion a complex series of events that involve virtually
every organelle and subcellular system in the affected
cells. As cells become anoxic, oxidative phosphoryla-
tion ceases. ATP stores are depleted, and virtually all
energy-dependent functions cease. There are inhibi-
tion of RNA and protein synthesis and changes in ion
transport with loss of intracellular K+ and increased
intracellular Na+ ions. Glycolysis is initially acceler-
ated, and the cells produce large quantities of lactic
acid. When glycogen stores are depleted, glycolysis
slows. Ischemic heart muscle rapidly ceases to con-
tract.

This variety of cellular alterations would seem to
account readily for the fact that ischemia is such a le-
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permeability of the inner mitochondrial membrane.
These changes are reversible upon reoxygenation only
when the large increase in intracellular Ca2l content
that accompanies the phospholipid depletion from
other cellular membranes is prevented. This disorder in
phospholipid metabolism is felt to be the critical lesion
that produces irreversible cell injury in ischemia. It af-
fects the endoplasmic and sarcoplasmic reticular mem-
branes of liver and myocardial cells, respectively, and
probably the plasma membranes of both. It is pre-
vented by pretreatment with chlorpromazine. An acti-
vation of endogenous phospholipases by an elevated,
cytosolic free Ca2l ion concentration is suggested as the
mechanism underlying this phospholipid disturbance.
The central role of intracellular Ca2l in the initiation
and functional consequences of ischemic cell injury are
emphasized. (Am J Pathol 1981, 102:271-281)

thal hazard. However, evidence from other studies
indicates that many of these alterations by themselves
do not result in cell death. In analyzing ischemic cell
injury, the task is to identify from among many
changes those that are causally related to cell death.
Any particular metabolic alteration may be unrelated
to the cell death, be an effect of the fact that the cell
is dead or dying, or be causally related to the cell
death. Analysis of ischemic cell injury requires a
mechanism whereby any metabolic alteration can be
assigned to one of these categories.

Reversible and Irreversible Ischemic Cell Injury

A major strategy to assess causal significance in
ischemia makes use of the concept of reversible and
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irreversible cell injury. It became apparent quite early
that the effects of ischemic injury on myocardial me-
chanical function, membrane potential, metabolism,
and ultrastructure are all reversible if the duration of
ischemia is short. I -4However, if the ischemia persists
for longer periods of time, the affected cells become
irreversibly injured. That is, the cells continue to de-
generate and become necrotic despite reperfusion
with arterial blood. Therefore, all of the metabolic
alterations associated with reversible ischemic cell in-
jury are either quantitatively or qualitatively unre-
lated to the development of irreversible injury. With
longer periods of ischemia, there develops some bio-
chemical alteration that distinguishes irreversibly
from reversibly injured cells.
Two phenomena have consistently characterized ir-

reversibly, as opposed to reversibly, injured cells in
several models of ischemia. First, in vivo studies of
kidney, liver, heart, and brain, as well as the analysis
of several in vitro models, have documented that an
inability to reverse mitochondrial dysfunction upon
reperfusion or reoxygenation correlates with a similar
inability to reverse the cell injury in general.5-"' Such
studies have been interpreted as indicating that isch-
emic cell death is a consequence of irreversible mito-
chondrial injury.5"11 Mitochondria develop a series
of abnormalities as a consequence of ischemia. Res-
toration of arterial flow is not followed by restora-
tion of cellular function, because mitochondrial
function no longer is possible. One difficulty with
this hypothesis is that reperfusion may expose the in-
jured cells to an environment that does not allow re-
covery of otherwise reversible mitochondrial func-
tion. In particular, it has been shown that during re-
perfusion of irreversibly injured cells, a large influx
of Ca2+ ions occurs.'2 '3 Excess Ca2+ ions are known
to produce loss of mitochondrial function.'4 It is
conceivable that an inability to reverse mitochondrial
dysfunction may be the consequence of the flooding
of the cell with Ca2+, rather than the consequence per
se of the specific pattern of mitochondrial dys-
function prior to reflow. A critical test of the role of
mitochondrial dysfunction in the pathogenesis of ir-
reversible ischemic injury would have to include,
then, the prevention of the Ca2+ accumulation by
these organelles.

Disturbances in membrane function and in the
plasma membrane in particular also characterize the
loss of reversibility in ischemic injury. This has led to
the other major hypothesis to explain this loss.'5 De-
fective cell membrane function is an early feature of
irreversible ischemic injury and may be the primary
event in the genesis of the irreversible state.'5 The
case for alterations in membrane function in general

and in the plasma membrane in particular as the
cause of irreversible injury in ischemia is quite
strong. Results of morphologic, functional, and bio-
chemical studies strongly suggest that defects in cell
membranes are an early feature of irreversible myo-
cardial cell injury.'2" 6-27
Two specific functional consequences of mem-

brane damage in irreversibly injured cells have been
related specifically to the loss of viability. Defects in
cell volume regulation have been described and are
characterized by an increased inulin-diffusible space,
increased tissue H20 and Na2+ levels (for a review see
Jennings et al'5). While it cannot be denied that these
changes could affect cell viability, there is, in fact,
very little direct evidence that they actually do. On
the contrary, the evidence suggests that such distur-
bances in Na+ and K+ contents are not necessarily
lethal.28
A much better case can be made for the changes in

calcium homeostasis as causally related to the loss of
cell viability in ischemia. Calcium ions are biologi-
cally quite active and when present in excess are capa-
ble of considerable disruption of metabolic order.
Recent evidence from our laboratory has implicated
Ca2+ ions in the causation of toxic cell death.29-31 It
would seem reasonable to suspect that they act simi-
larly in ischemic cell injury.
These considerations emphasize several unan-

swered questions bearing on the pathogenesis of the
irreversible injury in ischemia. With respect to the
mitochondria, what factors are responsible for the
progressive loss of inner membrane function? What
is the biochemical nature of the alteration? What role
do Ca2+ ions play in the inability to restore mitochon-
drial function upon the reperfusion of irreversibly in-
jured cells? Similarly, with respect to the dysfunction
of other cellular membranes, what is the biochemical
basis for these alterations? Are they indeed the basis
for the loss of reversibility of the cell injury in isch-
emia?

Experimental Liver Ischemia

Studies in our laboratory over the last 4 years using
in situ liver and myocardial ischemia have sought an-
swers to these questions. We have been able to assess
the role of the mitochondrion in the irreversibility of
ischemic cell injury and have reached some under-
standing of the cause and biochemical nature of the
changes in this organelle. The biochemical basis of
the dysfunction of the other cellular membranes also
has been identified. We have gained some insight into
the relationship between this biochemical alteration
and their functional manifestations. Finally, we have

AJP * February 1981



IRREVERSIBLE ISCHEMIC INJURY 273

0

4

I.-

-j

z3
0

uJ

O 0.5 1 2 3 4 5

TIME Ihl
Figure 1-Respiratory control in ischemic liver mitochondria. Liver
tissue in the intact rat was made ischemic for the times indicated
either with (open circles) or without (closed circles) chlorpromazine
pretreatment (30 mg/kg body weight). After either 2 or 3 hours of
ischemia (as indicated by the arrows), the livers were reperfused in
vivo by the removal of the arterial clamp occluding the arterial and
portal blood supply to the left lateral and median lobes; --- -, mito-
chondria prepared subsequent to reperfusion; mitochondria
prepared from ischemic livers without reperfusion. Mitochondria
were isolated, and the respiratory control ratio was measured as
described.8 The reaction mixture contained 0.225 M sucrose, 10 mM
potassium phosphate (pH 7.4), 5 mM MgCI2, 20 mM KCI, and 20 mM
triethanolamine buffer, pH 7.4. The oxidizable substrate was 3.3 mM
glutamate-malate. After equilibration of the medium at 25 C, mito-
chondria (2-4 mg protein) were added and the rate of 02 consump-
tion measured. Stage 3 respiration was initiated by adding 450 nmol
of ADP. The results are the mean + standard deviation of separate
preparations from each of three animals. Reprinted with permission.34

begun to explore the very early events that may trig-
ger the whole process.

Ischemic liver tissue is produced by clamping the
portal venous and hepatic arterial blood supply to the
left lateral and median lobes of a rat liver.'3'32 33

Total occlusion of the portal vein and hepatic artery
results in splanchnic pooling of the blood and subse-
quent death of the animal. If after 0.5 hour of isch-
emia reflow to the liver is established by operating on

the animal a second time and removing the clamp,
there is little or no evidence of liver cell death. The
cells maintain their ability to regenerate ATP levels,
which had fallen to 10% of the control, and show no

detectable increase in total or mitochondrial calcium
levels upon reflow.'3 In contrast, livers subjected to

2-3 hours of ischemia reveal extensive necrosis when
examined 24 hours after reflow. 13 They are incapable
of regenerating the ischemia-induced fall in ATP.'3
Evidence of membrane dysfunction32.33 and altered
calcium homeostasis is found. There is a 3-4-fold in-

crease in tissue and mitochondrial calcium following
reflow. 13 Since the liver cells, then, are relatively able
to withstand the effects of 0.5 hour of ischemia fol-
lowed by the immediate restoration of blood flow,
they can at this time be categorized as reversibly in-
jured. They still maintain the critical function(s) re-
quired for the survival of the cell lost during more
prolonged periods of ischemia. Liver cells subjected
to 2-3 hours of ischemia-a time period that pro-
duces marked liver cell death after reestablishment of
blood flow-are irreversibly injured and, therefore,
have lost this critical cellular function.

Liver cells can be protected from the effect of
otherwise irreversible periods of ischemia by pre-
treatment with chlorpromazine. '3 Pretreatment with
chlorpromazine, 30 minutes before inducing isch-
emia for up to 3 hours, completely prevented the cell
death associated with this duration of ischemia. This
protective action of chlorpromazine was confirmed
by the ability of the treated animals to regenerate
cellular ATP levels after 3 hours of ischemia. In addi-
tion, chlorpromazine was shown to significantly re-
duce the increase in total liver cell and mitochondrial
Ca2+ contents that accompany the return of blood
flow to irreversibly injured liver cells'3 (see Table 2).
The action of chlorpromazine could not be attributed
to any effect on the rate or extent to which the liver
cells became ischemic or on the perfusion patterns
following release of the obstruction (there is no "no-re-
flow" phenomenon). It was concluded that the action
of chlorpromazine must be on some component(s) of
the reaction of the cells to the ischemia itself.

Role of Mitochondria in Irreversible
Ischemic Injury

The ability of chlorpromazine to prevent ischemic
liver cell death was used to evaluate the role of mito-
chondrial alterations in the genesis of irreversible in-
jury.34 Mitochondria were isolated from ischemic
livers and were assayed for respiratory control with
glutamate/malate as substrate. Figure 1 indicates
that such mitochondria showed a progressive loss of
respiratory control, the respiratory control ratio
(RCR) falling to the theoretic limit of 1 with 3 hours
of ischemia. After 2 or 3 hours of ischemia, the livers
were reperfused with arterial blood by reoperation
and removal of the arterial clamp. After 1 and 2
hours mitochondria were isolated and assayed. There
was essentially no recovery of respiratory control.
This is consistent with the fact that the liver cells were
irreversibly injured after such ischemic periods, and
it is such a correlation between the loss of reversibil-
ity and the inability to reverse mitochondrial dys-
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function that has led to the suggestion that the two
are causally related.
However, if the rats were pretreated with chlor-

promazine and then liver ischemia induced for the
same times, there was a similar loss of respiratory
control (Figure 1, open circles). With chlorpromazine
pretreatment, the RCR still fell to 1 with 3 hours of
ischemia. In this case, however, reperfusion of the
livers after either 2 or 3 hours of ischemia resulted in
complete recovery of respiratory control (broken
lines in Figure 1).

This experiment suggests that the loss of mitochon-
drial function with ischemia is reversible. The inabil-
ity to restore mitochondrial function during reperfu-
sion in the absence of chlorpromazine would then be
the metabolic consequence of reperfusion itself. Con-
sequently, mitochondrial alterations could not be the
cause of the irreversibility of the cellular deteriora-
tion and death during the reperfusion period. The va-
lidity of this conclusion is dependent upon there be-
ing no effect of chlorpromazine on the reaction of
the mitochondria to ischemia. To date we have de-
tected 15 alterations in mitochondrial structure and
function in ischemic liver cells (Table 1).34-35 With
each of these, there was no difference between mito-
chondria isolated from ischemic livers either with or
without chlorpromazine pretreatment.34'35 We can
conclude, then, that chlorpromazine does not affect
the reaction of liver mitochondria to ischemia. The
lack of restoration of mitochondrial function during
reperfusion in animals not pretreated with chlor-
promazine, therefore, cannot be the consequence of
any known mitochondrial alteration. In addition,
these mitochondrial alterations cannot be the cause

Table 1-Ischemic Mitochondrial Alterations That Develop
With or Without Chlorpromazine

1. Complete loss of respiratory control
2. Decreased ADP:O ratio when RCR greater than 1
3. Decreased contents of cytochrome aa3 and cytochrome c + c,
4. Loss of DNP-stimulated O2 uptake
5. Altered ATPase:

a. increased basal activity (No Mg2+ or DNP)
b. decreased DNP-stimulated activity

6. Loss of adenine nucleotide translocase activity
7. Reduction in one protein band of M r = 83,000
8. Large amplitude swelling
9. Amorphous matrix densities

10. Failure to generate membrane potential
11. Loss of valinomycin-stimulated O2 uptake
12. Decreased K content
13. Decreased Mg2+ content
14. Increased Na content
15. Increased inner membrane permeability

In each case, the structural or functional alteration refers to the
effect of 3 hours of liver ischemia either with or without chlorproma-
zine pretreatment (30 mg/kg body weight).
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Figure 2-Adenine nucleotide translocase activity in ischemic liver
mitochondria. Mitochondria were prepared from sham operated
livers (closed circles); livers ischemic for 3 hours (open circles); liver
ischemic for 3 hours in chlorpromazine (30 mglkg body weight)-pre-
treated animals (open triangles); and liver ischemic for 3 hours and
then reperfused in vivo for 2 hours in chlorpromazine-treated ani-
mals (closed triangles). Adenine nucleotide translocase was
assayed by adding approximately 1 mg of protein to 1 ml of a solu-
tion containing 110 mM KCI, pH 7.4, 0.2 mM EDTA, and 70 nmol of
[14C] ATP (3 to 5 x 105 cpm). After incubation at 4 C, the reaction was
stopped by the addition of 50 pmol atractyloside. The samples were
centrifuged within 2 minutes of the addition of atractyloside for 10
minutes at 10,000g. The supernatant was discarded and the pellet
dissolved in 150 4l 0.5 SDS. A 100-6laliquot of the dissolved mito-
chondrial pellet was counted in 10 ml Aquasol. The results are the
mean + SD of separate preparations from each of 3 animals. Re-
printed with permission.34

of the irreversibility of the cellular deterioration and
death during the reperfusion period.
We currently suspect that there are 2 fundamental

changes related to the structure and function of the
inner mitochondrial membrane affected by ischemia
and relating, in turn, to most of the changes in Table
1. The first of these is a loss of adenine nucleotide
translocase activity, reported initially in ischemia
heart muscle.36-38 Figure 2 shows that 3 hours of
ischemia produced a very significant loss of adenine
nucleotide translocase in ischemic liver mitochon-
d ria.34 A similar loss occurred in the mitochondria
from 3 animals ischemic for 3 hours that were pre-
treated with chlorpromazine.34 Recovery of adenine
nucleotide translocase activity with blood reflow fol-
lowing 3 hours of ischemia was achieved in animals
prtrelated with chlorpromazine. There was no recov-
ery in the absence of chlorpromazine pretreatment.34
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Long chain fatty acyl-CoA esters have been shown.
to be capable of reversibly inhibiting adenine nucleo-
tide translocase when added in vitro to liver or heart
mitochondria.39-43 A positive correlation has been
reported in liver between the tissue concentration of
long chain acyl-CoA esters and inhibited transloca-
tion.48 Tissue levels of fatty acyl-CoA are normally
low but increase during ischemia.44-46 Loss of ade-
nine nucleotide translocase, therefore, probably re-

sults from the inhibitory effect of the accumulation
of these long chain acyl-CoA esters. The presence of
adenosine 3'-pyrophosphate in the acyl-CoA mole-
cule may account for this inhibition.38 Loss of ade-
nine nucleotide translocase, however, can only ex-

plain some of the mitochondrial dysfunction, not
all.35
A second alteration contributing to the spectrum of

ischemic mitochondrial alterations is an increase in the
permeability of the inner membrane.35 With or with-
out chlorpromazine pretreatment, mitochondria iso-
lated from ischemic liver will not generate a membrane
potential; they will respond neither to dinitrophenol
nor to valinomycin with an increased 02 consumption;
they have lost internal K+ and Mg2+ and have gained
Na2 ions; and they exhibit high amplitude osmotic
swelling.35 These changes are easily explained by an

increase in the permeability of the inner membrane.
Such an increased permeability was demonstrated by
measuring the extent to which mitochondria will
shrink under the influence of isomolar polyethylene
glycols of different molecular weights.35

Similar alterations can be induced in vitro. Low
levels of calcium will induce a reversible increase in
the permeability of the mitochondrial inner mem-

brane accompanied by collapse of the membrane po-
tential and by the onset of large amplitude swell-
ing.47-5I Endogenous Ca2+ and Mg2+ contents are

equilibrated with the medium, since both neutral and
charged molecules of molecular weight less than 1000
readily pass through the inner membrane. An identi-
cal membrane change can be induced by diamide, in-
organic phosphate, arsenate, fatty acids, and, most
interestingly, palmitoyl coenzyme A.52 These agents
seem to act as potentiators of the inducing activity of
Ca2+ ions. Recent studies in our laboratory indicate
that the metabolic alterations induced by very low
levels of exogenous calcium in the presence of palmi-
toyl-CoA reproduce many of the features of the ef-
fect of ischemia on mitochondrial function in vivo.35
The molecular mechanism responsible for the

change in the inner membrane is not resolved. One
hypothesis maintains that this membrane contains
units which on binding Ca2+ are able to open a trans-

membrane hydrophilic channel.49 Alternatively, it is

Table 2-Effect of Chlorpromazine on the Calcium of
Mitochondria Isolated From lschemic Rat Liver Cells13

Mitochondrial
calcium content
(nmoles Ca2+/

Treatment kg protein)

Sham 3.4 + 0.3
3 Hours ischemia-no-reflow 3.6 ± 0.6
3 Hours ischemia-1 hour reflow 13.7 ± 2.7
Pretreatment with chlorpromazine- 3.9 ± 0.3

3 hours ischemia-1 hour reflow

Values are the mean ± SD of the calcium content of mitochondria
prepared from 3 separate animals.

suggested that a very limited phospholipid degrada-
tion is sufficient to produce a modification of the in-
ner membrane permeability properties.5'

In either case, it seems likely that high levels of
long chain acyl-CoA esters are responsible for many
of the pathologic mitochondrial changes in ischemia.
These mitochondrial alterations are all reversible.
However, the biochemical environment created by
the reperfusion of cells irreversibly injured by unre-
lated mechanisms prevents the restoration of normal
mitochondrial structure and function. We suggest
that it is the large influx of Ca2+ ions upon reperfu-
sion that prevents restoration of mitochondrial func-
tion. Table 2 indicates the changes in liver mitochon-
drial Ca2+ content with ischemia and reperfusion in
the presence and absence of chlorpromazine. With
chlorpromazine, there is no accumulation of calcium
upon reperfusion, and mitochondrial function can be
restored.
The alteration(s) responsible for the large increases

in total cell and mitochondrial calcium content upon
reperfusion is probably the critical lesion underlying
the irreversibility of ischemic injury. Cellular mem-
branes play a central role in Ca2+ homeostasis both as
a permeability barrier to the passive diffusion into
the cell down a very steep concentration gradient and
as the site of active efflux against this same gradient.
Phospholipids are a major component of these mem-
branes, and ischemia induces a significant alteration
in phospholipid metabolism.

Membrane Alterations Accompanying Irreversible
Ischemia

We have shown that both rat liver and heart in situ
ischemia produce a progressive loss of phospholipids
from cellular membranes.33 53 Whole homogenates
and postmitochondrial supernatants from livers isch-
emic for 3 hours showed a 40%o and 55(!70 decrease in
phospholipids, respectively (Figures 3 and 4). Phos-
phatidylcholine and phosphatidylethanolamine were
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Figure 3-Phospholipid content of whole homogenates of ischemic
liver tissue. Rat liver tissue was made ischemic for the times indi-
cated. Phospholipids in whole homogenates of this tissue were ex-
tracted by modification of the method of Bligh and Dyer.33 Phos-
phate was measured on dried aliquots of the lipids. The total protein
content of the whole homogenates was not altered, while there was
a slight increase in the weights of the ischemic tissue.33 Results are
the mean ± SD of separate determinations on 3 animals. Reprinted
with permission.33

predominantly affected without accumulation of
either of the corresponding lysophospholipids. Pre-
treatment of the animals with chlorpromazine pre-
vented the loss of phospholipids from both the whole
homogenates and postmitochondrial supernatants.33
This phospholipid depletion was entirely accountable
by an accelerated rate of degradation with a halflife
of 2-4 hours for ischemia, as compared with 24 hours
for control microsomal membrane phospholipids.33
Rat myocardial cells react to lethal doses of isch-

emia in a very similar manner. An accelerated degra-
dation of phospholipid preceded the loss of viability
of the major portion of free-wall myocardium, as as-
sessed by morphologic changes and an increased Ca2+
content subsequent to ligation of the left coronary
artery of an adult rat heart.3' As in the liver, pre-
treatment with chlorpromazine prevented both this
alteration in phospholipid metabolism and the necro-
sis of the free-wall myocardium.53
The accelerated degradation of phospholipids pro-

duced by ischemia is associated with considerable
membrane dysfunction,32.33.53 We have made use of

liver cell microsomal membranes and heart cell sarco-
plasmic reticulum as models of the effect of ischemia
on cellular membranes. Hepatic microsomes pre-
pared from the lipid-depleted postmitochondrial su-
pernatants exhibited considerable alterations in their
structure and function with inhibition of a glucose-6-
phosphatase32 and calcium pump activities32 and a
25-50-fold increase in their passive permeability to
Ca2+.33 Pretreatment with chlorpromazine prevented
this increased Ca2+ permeability, and addition of
phosphatidylcholine to the ischemic microsomes re-
stored a normal Ca2+ permeability.33 Electron micro-
graphs of freeze-fractured ischemic microsomes
showed fewer intramembranous particles, bare mem-
brane regions devoid of particles, and areas contain-
ing aggregations of intramembranous particles.33

Sarcoplasmic reticulum isolated from ischemic my-
ocardial cells showed a time-dependent loss of phos-
pholipid with a parallel loss of active Ca2+ uptake
that reached 6007o with a total lipid depletion from
these membranes of 33%.53 An increased passive
permeability to Ca2+ also was demonstrated. Chlor-
promazine protected against the loss of phospho-
lipids, the inhibition of Ca2+ uptake, and the in-
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Figure 4-Phospholipid content of postmitochondrial supernatants
derived from ischemic liver tissue. Rat liver tissue was made
ischemic for the times indicated. Post mitochondrial supernatants
(10,000g supernatant) of the ischemic tissue were prepared and the
phospholipid content determined as described in the legend to Fig-
ure 3. Results are the mean ± SD of separate determinations on 3
animals. Reprinted with permission.33
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creased Ca2+ permeability of the sarcoplasmic reticu-
lum.53
A number of reasons lead us to believe that this

disturbance in phospholipid metabolism is the critical
alteration that produces irreversible cell injury in
ischemia. In both the liver and the heart, the time
course closely parallels that of the loss of reversibil-
ity. Chlorpromazine prevents the changes in phos-
pholipid in parallel with the prevention of cell death.
Finally, the functional consequences, particularly as
reflected in an altered permeability of isolated micro-
somes and sarcoplasmic reticulum to Ca2+ ions, are
relevant to the increasing evidence that disturbed
membrane function with changes in intracellular
Ca2+ homeostasis participate in the production of ir-
reversible ischemic cell damage.
The critical link in any such sequence connecting

an accelerated phospholipid degradation with the on-
set of irreversible injury is the plasma membrane, for
the changes in cell physiology that characterize irre-
versibly injured ischemic cells are specifically indica-
tive of plasma membrane dysfunction. Attempts to
isolate plasma membranes from ischemic liver cells
by the conventional methods based on membrane
buoyant density have been unsuccessful. However,
with freeze-fracture electron microscopy there is in
ischemic rat liver plasma membranes an aggregation
of the membrane-associated particles dependent on
the duration of ischemia and prevented by pretreat-
ment with chlorpromazine.54 This suggests that alter-
ations in the structure of the plasma membrane occur
in parallel with the previously described changes in
microsomal membrane structure. Similar changes
have also been reported in ischemic kidney and heart
muscle plasma membrane.23'24
Two aspects of this disorder in phospholipid me-

tabolism produced by ischemia currently occupy our
attention. First, what is the molecular basis in the
structural organization of ischemic membranes for
the increased permeability? Second, what is the cause
of the accelerated degradation of membrane phos-
pholipids that results in this structural alteration?
A clue to the answer to the first question came

from the freeze-fracture ultrastructure of ischemic
liver cell membranes.54'56 With this technique isch-
emic liver cell microsomal and plasma membranes
appear very similar to membranes examined at re-
duced temperatures. In both cases, there is aggrega-
tion of the intramembranous particles in the lateral
plane of the membrane with the appearance of parti-
cle-free bare areas of varying size. Changes in the
distribution of membrane-associated particles at low
temperature have been attributed to phase transitions
(liquid crystal to gel state) in the membrane phospho-
lipid bilayer.55- 63 The lateral motion and consequent

aggregation of intramembranous particles with re-
duced temperatures is attributed to the growth of
protein-excluding regions of liquid crystal to gel state
phase transitions in the bilayer lipid that are observed
as the smooth, particle-free patches.
By wide-angle X-ray diffraction, we have recently

demonstrated the presence of similar gel phase phos-
pholipid in microsomal membranes isolated from rat
liver ischemic for 3 hours.64 Gel phase lipid could not
be demonstrated in the controls. The presence of gel
and liquid crystalline lipid in the plane of the mem-
brane, ie, lateral phase separations, can be directly
related to the increased permeability. It is known that
the permeability of liposomes towards various so-
lutes drastically increases at the phase transition of
the lipid.6568 At this critical temperature, in these
liposomes gel and liquid crystalline lipid coexist, as in
the ischemic membranes. The interfaces between the
separate phases is believed to be the site of the in-
creased permeability of such bilayers. It is our work-
ing hypothesis that the progressive depletion of phos-
pholipid from cellular membranes in ischemia alters
the equilibrium between the membrane proteins and
the remaining lipid such that a new state is created,
characterized by the appearance of gel phase phos-
pholipid and the aggregation of the proteins into the
remaining liquid crystalline lipid. We suspect that the
boundaries between such laterally separated phases
represent sites of increased membrane permeability.
The similarity between the disturbance in phospho-

lipid metabolism induced by ischemia in rat myocar-
dial and liver cells suggests that they have a common
pathogenesis. Currently there are, at least, three
mechanisms that appear as likely causes of the accel-
erated phospholipid degradation in ischemic cells.
The first is the accumulation of potentially damaging
concentrations of normal metabolic intermediates.
The recently reported high levels of both long-chain
acyl-CoA esters and long-chain acyl carnitine in isch-
emic cells44-46 suggest that these intermediates may
have generalized detergent effects that could disrupt
membrane structure. Palmitylcarnitine in vitro pro-
duced marked changes in the structure and function
of cardiac sarcoplasmic reticulum and sarcolemmal
Na+, K+-ATPase isolated from canine ventricular
muscle.69 Palmitylcarnitine was proposed as "a
naturally occurring detergent."69 Although it is not
possible at this time to ascribe any in vivo alterations
in membrane structure and function to this mecha-
nism, the elevated levels of palmitylcarnitine that oc-
cur during myocardial ischemia44-46 could act to alter
membrane permeability.

Release of lysosomal enzymes is a potential alter-
native to the detergent action of the long-chain acyl
carnitine as a mechanism responsible for the acceler-
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ated phospholipid degradation. There have been sev-
eral reports of biochemical alterations in cardiac ly-
sosomes subsequent to coronary occlusion,70-76 and
the potential certainly exists for activation of multi-
ple lysosomal enzymes early in ischemia. Direct evi-
dence, however, that any of these enzymes actually
contributes to the cellular damage is not available.
The problem is really twofold. Is there intracellular
release of lysosomal enzymes prior to the onset of ir-
reversible injury? If so, do these enzymes contribute
to the cellular injury?
With regard to the first of these questions, studies

of hypoxic fetal mouse hearts maintained in organ
culture suggested that lysosomal enzyme changes
with this ischemic-like stress are minimal in the injury
phase.77 Evidence of activation of lysosomal enzyme
function was evident during the recovery period ac-
companying reoxygenation. Similarly, in an hypoxic,
isolated perfused heart system, marked enzyme re-
lease could not be demonstrated until irreversible in-
jury had already occurred.78 On the other hand, bio-
chemical redistribution of cathepsin D was evident,
while the injury was still sublethal. This early bio-
chemical shift was felt to reflect increased fragility of
the lysosomes during homogenization of the tissues,
rather than an actual translocation of hydrolases in
vivo. 7 9
With respect to the consequences of lysosomal en-

zyme redistribution, breakdown of cellular compo-
nents as a result of the release of lysosomal enzymes
is hypothesized to produce irreversible cell injury in a
number of pathologic states. Release of lysosomal
enzymes into the cytoplasm follows phagocytosis of
urate crystals80 or silica particles.8'182 by polymor-
phonuclear leukocytes or macrophages. A similar
mechanism is postulated to cause cell death following
exposure to heavy metals,83 photosensitizing dyes,84
and viruses,85 as well as ischemia. Although intracel-
lular lysosomal rupture has been documented in these
other systems, the evidence that it causes cell death is
only circumstantial. Recent studies of the silica-in-
duced killing of macrophages showed no evidence
that the intracellular rupture of lysosomes was asso-
ciated with any measurable degradation of cellular
macromolecules, including phospholipids.86
While it is still premature to make any firm conclu-

sions, it would seem that accumulating evidence from
a number of different sources makes it unlikely that
the release of lysosomal enzymes into the cytoplasm
contributes to the accelerated degradation of phos-
pholipid during the development of irreversible isch-
emic injury.
The third mechanism and the one we currently

favor to explain accelerated lipid degradation is the

activation of endogenous, membrane-bound phos-
pholipases by a redistribution of cellular Ca2+ ions.
Phospholipase A is an almost universal activity of
cells.87 The role of these enzymes in normal cellular
physiology has not been clearly defined, although it
seems likely that they participate in the regular turn-
over of fatty acids in membrane phospholipids.
While the subcellular localization of phospholipases
has been examined in a number of different tissues,
rat liver is probably the best characterized. Rat liver
mitochondria contain a Ca2+-dependent phospho-
lipase A2 with an alkaline pH optimum.88'89 Rat liver
microsomes89'90 and plasma membranes89'91 also
contain phospholipase A activity. These extramito-
chondrial enzymes all have alkaline pH optima and
require Ca2'. Phospholipase A activity has similarly
been demonstrated in rat heart "microsomes" (sarco-
plasmic reticulum).92 Phosphatidylethanolamine was
preferred to phosphatdylcholine as the substrate,
similar to the substrate specificity of the liver en-
zymes.93
The endogenous lipid degrading system in the

membranes of rat liver endoplasmic reticulum is ca-
pable upon Ca2+ activation of considerable disrup-
tion of normal structure and function. These changes
bear a close resemblance to those which occur in the
same membranes in vivo with ischemia.94 Phospha-
tidylethanolamine and to a lesser extent phosphati-
dylcholine are degraded to methanol-water soluble
products. The depletion of microsomal membrane
phospholipid is accompanied by a loss of glucose-6-
phosphatase and of cytochrome P-450. Polyacryla-
mide gel electrophoresis revealed no differences be-
tween the pattern or relative amounts of the solubi-
lized membrane proteins before or after depletion of
membrane phospholipid.
There is increasing evidence that changes in intra-

cellular Ca2+ homeostasis are a very early feature of
the effect of the ischemia on cells (for a review see
Naylor et a195). The rise in resting tension in hypoxic
heart muscle with no change in the total Ca2+ content
suggests a redistribution of intracellular Ca2+ ions
with a raised cytosolic concentration. We would sug-
gest that such an elevated cytosolic Ca2+ could result
in activation of membrane phospholipases.

Recapitulation

Irreversible ischemic cell injury is characterized by
dysfunction of cellular membranes. Previous studies
suggested that the effects of such alterations on mito-
chondrial or plasma membranes are related to the
loss of reversibility of the cell injury in ischemia. The
investigations in our laboratory reviewed above have
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thrown some light on the cause of the membrane in-
jury in each of these organelles and have allowed
some conclusions with regard to the role that each
plays in the irreversible cell injury in ischemia.

Mitochondrial function is reversibly disrupted. A
number of structural and functional alterations can
be accounted for, in large part, by inhibition of ade-
nine nucleotide translocation and an increase in the
permeability of the inner mitochondrial membrane.
Each of these alterations seems, in turn, to be a con-
sequence of the metabolic changes produced by isch-
emia. In ischemic cells, P-oxidation of fatty acids is
rapidly inhibited,89 90 and there is a concomitant in-
crease in tissue metabolite intermediates, particularly
long-chain acyl-CoA esters.46-48 Mitochondrial func-
tion can be restored upon reoxygenation as the cells
recover the capacity to oxidize fatty acids, provided
that the functional consequences of the disruption of
plasma membrane structure are prevented, as with
chlorpromazine pretreatment.
A very different biochemical lesion characterizes

the effect of ischemia on other cellular membranes.
In both liver and heart cells, ischemia results in an ac-
celerated degradation of phospholipids from the
membranes of the endoplasmic and sarcoplasmic re-
ticulum, respectively, and probably also from the
plasma membranes. In this case, the relevant func-
tional consequence of this phospholipid degradation
is a markedly increased permeability of these mem-
branes to Ca2+ ions. All cells in the body are bathed
in a fluid very rich in Ca2+ ions (10-3 M), while intra-
cellular Ca2+ concentrations are much lower, on the
order of 10-7 to 10-6 M. The electrical potential
across the plasma membrane of these cells tends to
drive Ca2+ into them. Such a large electrochemical
gradient is maintained by the relative impermeability
of the plasma membrane to Ca2+ and by active extru-
sion. Damage to the plasma membrane with disrup-
tion of this permeability barrier allows influx of Ca2+
ions. We suspect that this accelerated phospholipid
degradation is a consequence of the activation of en-
dogenous phospholipases as a result of a disturbance
in calcium homeostasis that is not related to in-
creased influx, in this case a redistribution of intra-
cellular Ca2+ ions.

In conclusion, we are arguing for a very central
role for calcium ions in the pathogenesis of ischemic
cell injury. These ions not only initiate the biochem-
ical alteration that is responsible for irreversible cell
injury, but they are also the mediators, in turn, of the
functional consequences of this injury. The influx of
calcium ions prevents restoration of mitochondrial
function lost, in part, as a result of a change in the in-
ner membrane initiated again by calcium ions poten-

tiated by long-chain acyl-CoA esters. These conclu-
sions are clearly based on normal cellular physiology
and the expected alterations in these functions that
result from ischemia. With both types of membrane
injury that we have discussed there is a relationship
between normal metabolic functions and the devel-
opment of membrane damage. This point is impor-
tant, for it is clear that cells can only react in the ways
that their programmed, biochemical organization al-
lows. There is really no such thing as a "pathologic
reaction." It is encouraging that our understanding
of one of the most important cellular alterations in
pathology, irreversible ischemic cell injury, is pro-
gressing to the point where this conclusion clearly ap-
plies.
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